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We have investigated the relationship between the birthdate and the onset of differentiation of neurons in the embryonic
zebrafish neural retina. Birthdates were established by a single injection of bromodeoxyuridine into embryos of closely
spaced ages. Differentiation was revealed in the same embryos with a neuron-specific antibody, zn12. The first
bromodeoxyuridine-negative (postmitotic) cells occupied the ganglion cell layer of ventronasal retina, where they formed a
small cluster of 10 cells or less that included the first zn12-positive cells (neurons). New cells were recruited to both
populations (bromodeoxyuridine-negative and zn12-positive) along the same front, similar to the unfolding of a fan, to
produce a circular central patch of hundreds of cells in the ganglion cell layer about 9 h later. Thus the formation of this
central patch, previously considered as the start of retinal neurogenesis, was actually a secondary event, with a
developmental history of its own. The first neurons outside the ganglion cell layer also appeared in ventronasal retina,
indicating that the ventronasal region was the site of initiation of all retinal neurogenesis. Within a column (a small cluster
of neuroepithelial cells), postmitotic cells appeared first in the ganglion cell layer, then the inner nuclear layer, and then the
outer nuclear layer, so cell birthday and cell fate were correlated within a column. The terminal mitoses occurred in three
bursts separated by two 10-h intervals during which proliferation continued without terminal mitoses. © 1999 Academic PressKey Words: zebrafish; retina; optic stalk; gradients; retinal ganglion cell; cell birthdates; neurogenesis.
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1INTRODUCTION
Previous studies of the development of the vertebrate
neural retina (hereafter called ‘‘retina,’’ without the ‘‘neu-
ral’’) have described two developmental gradients, mutually
orthogonal: center-to-periphery and inside-to-outside (Ja-
cobson, 1968; Straznicky and Gaze, 1971; Hollyfield, 1972;
Kahn, 1974; Holt et al., 1988). In all of these studies, a single
injection of tritiated thymidine was made into individual
animals to label those cells synthesizing DNA; different
animals were injected at different ages, and sacrificed hours
or days later. The retinas were examined autoradiographi-
cally to find the nuclei with no silver grains, as they had
ceased DNA synthesis prior to the injection of the thymi-
dine and were therefore postmitotic. They lay in the center
of the retina, in the ganglion cell layer (GCL). In those
animals that received early injections the unlabeled patch
1 Present address: Department of Neurobiology, Stanford Univer-
sity School of Medicine, Palo Alto, CA, 95305.
2 To whom correspondence should be addressed at Department
f Biology, University of Michigan, 830 N. University Ave., Ann1
n
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mich.edu.
0012-1606/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.as small, and it became progressively larger in those
njected later, evidence for a center-to-periphery develop-
ental gradient. Postmitotic cells soon appeared outside
he GCL, in the inner nuclear and outer nuclear layers (INL
nd ONL, respectively), evidence for an inside-to-outside
radient.
All species that have been examined show the same two
hases of early growth: first, the formation of a central
atch in the GCL and, second, the addition of new neurons
long the two developmental gradients. Although the sec-
nd phase differs across species in some respects (such as its
uration and the order of appearance of outer retinal cell
ypes), the first phase seems more constant. The initial
atch had a diameter of 50–100 mm and included several
undred cells (Hollyfield, 1972; Jacobson, 1968; Straznicky
nd Gaze, 1971; Kahn, 1973) which were assumed to be
eurons because of their morphology and location and
ecause they were postmitotic. But when cells in this same
ocation were examined for the presence of neuron-specific
eatures, such as the presence of an axon (Burrill and Easter,
995) or the susceptibility to silver stains (Grant and Rubin,
980; Halfter et al., 1985), the number of neurons was
early a hundredfold less than the number of postmitotic
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310 Hu and Eastercells noted at about the same time. Thus, the two methods
of revealing early neurons have produced estimates that
differ by two orders of magnitude—hundreds (from birth-
dates) and less than 10 (from neuron-specific markers). Is
this disparity real; that is, are the first differentiated neu-
rons a subset of a hundredfold larger population of postmi-
totic cells? Or are the small number of differentiated
neurons equal to an unexpectedly small number of cells
that first exited the mitotic cycle? The question is best
answered by using both methods on the same tissue—
double-labeling for both birthdate and neural markers—and
that is what we describe in this paper.
The key uncertainty is the relation between the with-
drawal from the mitotic cycle and the onset of differentia-
tion, and our experiment evaluates two competing hypoth-
eses concerning this relation. The first is that nerve cells
begin to differentiate after a fixed delay following the
terminal mitotic division. The second is that birthdate and
differentiation are not separated by a fixed delay, that a
large population of potentially equivalent cells may be born
simultaneously but differentiate individually after different
delays. If the rate-limiting step in neurogenesis is the
production of postmitotic cells, then one would expect that
differentiation would begin with a fixed delay after the
birthday (consistent with the first hypothesis). Alterna-
tively, if a pool of postmitotic cells were produced, and a
subset were gradually made competent to be influenced by
differentiation signals, then one would expect that differen-
tiation would follow the birthdate with a variable delay and
that the number of postmitotic cells would be greater than
the number of early neurons (consistent with the second
hypothesis). Both hypotheses are consistent with other
data. Waid and McLoon (1995) have shown that some
retinal ganglion cells begin to express a ganglion cell-
specific marker within about 15 min of leaving the mitotic
cycle, consistent with the first hypothesis. A large body of
work, mostly from flies (Doe and Goodman, 1985; reviewed
by Jan and Jan, 1995), has shown that the selection of single
neuroblasts from a large group of potentially equivalent
cells occurs through lateral interactions between the cells,
consistent with the second hypothesis.
The retinal ganglion cells of zebrafish are a favorable
population for investigating this issue because their pattern
of differentiation is so stereotyped in both space and time
(Burrill and Easter, 1995). The first few ganglion cells
(recognized by their axons) appear early on the second day
postfertilization, in ventronasal retina adjacent to the em-
bryonic (choroid) fissure. They are augmented over the next
8–9 h by new ganglion cells adjacent to the preexisting
ones. There are none on the temporal side because of the
barrier formed by the embryonic fissure, so the population
enlarges along a front that pivots around the center of the
retina, much as a fan unfolds or clock hands move; begin-
ning in ventronasal retina and sweeping through 360° to
reach the ventrotemporal side of the embryonic fissure,
thereby producing a circular patch of several hundred gan-
glion cells.
Copyright © 1999 by Academic Press. All rightWe argue that this circular patch corresponds to the
‘initial’’ central patch in the GCL that has been described
y others, and therefore the current view of the ‘‘first
hase’’ of retinal neurogenesis is simplistic and should be
evised. In addition, we show that neurogenesis is closely
estricted in time and space; within a particular neuroepi-
helial column a small number of neurons are produced in
rief bursts separated by hours, and the phase of develop-
ent differs between columns that are close to one another.
ith respect to the two hypotheses, we show that the
attern of accretion of postmitotic cells, assessed with
romodeoxyuridine (BrdU), resembles that of the ganglion
ells, in line with the first hypothesis but inconsistent with
he second.
MATERIALS AND METHODS
Fish. Zebrafish embryos were obtained from our own outbred
colony (Wilson et al., 1990). They were maintained on a 14-h
light/10-h dark daily cycle, and fertile eggs were collected shortly
after light onset. They were classified according to cell number,
from which the time of fertilization can be estimated with about 15
min accuracy (Westerfield, 1996). Thereafter they were maintained
in embryo rearing solution (ERS; Westerfield, 1996) in small petri
dishes inside an incubator at 28.5°C. Ages are expressed in hours
postfertilization (hpf).
BrdU labeling. We used BrdU rather than thymidine because it
rovides answers more quickly and lends itself to the use of thick
istological sections. Individual embryos were dechorionated with
atchmakers’ forceps and embedded ventral side up on a micro-
lide in a small drop of 1.5% low-melting-temperature agarose
Sigma: Type IX) in ERS. The tip (roughly 2 mm diameter) of a
icropipet containing an aqueous solution of 10 mM BrdU (Sigma)
as advanced through the yolk sac to a point just caudal to the
eart, and a small volume was pressure-injected with a Picospritzer
General Valve). The injected volume (visible because its refractile
roperties differed from those of the yolk sac) was a sphere roughly
00 mm in diameter, which corresponds to about 0.5 nl. The
embryos were in the agarose, at room temperature, for less than 20
min, and then were returned to the ERS in the incubator. A
minimum of four embryos were injected at each of the following
ages: 27, 28, 29, 31, 33, 35, 37, 38, 43, 48, and 54 hpf, and were
allowed to survive 10–14 hours. The 1- to 2-h intervals between
early injections was finer than the roughly 5 h intervals that
Nawrocki (1985) had used. The survival times ensured that all
proliferating cells were labeled because the cell cycle in the
zebrafish retina at 24–28 hpf is 10 h (Nawrocki, 1985). The
embryos were removed from the ERS, briefly anesthetized in 0.05%
tricaine methane sulfonate (Sigma), and fixed by immersion in 0.1
M phosphate-buffered 4% paraformaldehyde, pH 7.4, for 3–4 h at
room temperature or overnight at 4°C. They were washed three
times, 5–10 min each, in 0.1 M phosphate buffer, soaked 1–2 h in
0.1 M phosphate-buffered 5% sucrose, further soaked in 0.1 M
phosphate-buffered 15% sucrose for 2–4 h, and then 0.1 M
phosphate-buffered 7.5% gelatin/15% sucrose, two changes, and
incubated at 37°C for 4 h. They were then transferred individually
to aluminum foil molds which were immersed in a freezing bath of
dry ice in 2-methylbutane (Fisher). The blocks were stored at
220°C overnight or longer and then cryosectioned at 14- or 20-mm
thickness in a cryostat (Reichert-Jung, 2800-Frigocut-N) and
s of reproduction in any form reserved.
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311Retinal Neurogenesismounted on gelatin-subbed microslides and stained as described in
the next section.
Immunohistochemistry. To detect BrdU, the sections were
incubated at 35°C in 0.1 M phosphate buffer (pH 7.4) for 7 min to
remove the gelatin. They were then incubated at room temperature
for 30 min in 2 N HCl, 0.5% Triton X-100 (Sigma) in 0.1 M
phosphate buffer to denature DNA, and washed three times in
0.5% Triton X-100 in 0.1 M phosphate buffer. Nonspecific staining
was blocked by immersion at 37°C for 30 min in 0.1 M lysine in a
solution of 0.1 M phosphate buffer, 0.2% gelatin, 0.1% sodium
azide, 0.5% Triton X-100 (PGAT). The slides were then incubated
overnight at room temperature in PGAT containing a monoclonal
rat anti-BrdU antibody (Harlan; MAS-250, 1:100 dilution). The
BrdU was visualized by incubation with a Cy3-conjugated donkey
anti-rat (Jackson ImmunoResearch; 712-165-153, 1:100 dilution)
antibody which fluoresced red with rhodamine epi-illumination.
The sections were counterstained for 1 min with 0.5 mg/ml DAPI
Molecular Probes) in water, and mounted under a coverslip in
nti-Fade mounting medium (Molecular Probes).
Some sections were double-labeled for both BrdU and the HNK-1
pitope, which marks all early axonal tracts (Metcalfe et al., 1990;
Wilson et al., 1990). The BrdU was detected as described above. The
HNK-1 epitope was detected with the zn12 antibody (Developmen-
tal Studies Hybridoma Bank) and visualized with an FITC-
conjugated goat anti-mouse IgG (Sigma: F-9006, 1:100 dilution)
which produced a green fluorescence under fluorescein epi-
illumination.
Microscopy. Sections were examined in a fluorescence micro-
scope (Leitz Orthoplan) equipped with the cubes appropriate for
DAPI, FITC, and Cy-3 excitation. All the sections containing the
eye or optic stalk were examined thoroughly under a 503 water-
immersion objective lens, in through-focal series. Epi-illumination
was rapidly and frequently switched between the appropriate cubes
to enhance comparison of the different spectral views.
Image production. Images from a monochrome video camera
(Dage MTI CCD72) were captured under a 253 water-immersion
objective lens for each of the fluorescence cubes using the program
Image1 (Universal Imaging Corp.). They were then manipulated
with Adobe Photoshop in three ways. (1) The BrdU image, which
shows all BrdU-positive nuclei, was subtracted from the DAPI
image, which shows all the nuclei, to produce a ‘‘difference image’’
which shows all BrdU-negative nuclei as relatively bright (Figs. 3
and 4). The manipulated images were monochrome, so the different
original colors were of no consequence in constructing the differ-
ence image. (2) False colors, appropriate to the particular fluores-
cence band, were imposed on each image separately (Figs. 2A–2C).
(3) False-color images were merged to produce a single image
showing two or three separate fluorescence images (Figs. 2D and
7A–7D).
RESULTS
Retinal Structure
We begin with a description of the changing morphology
of the eye during the period examined here (24–68 hpf). By
24 hpf, the pigmented epithelium was distinct from the
retina. The retinal thickness increased from about 40 mm at
he earliest stages to about 80 mm at the latest. The
mbryonic fissure was completely open initially, began to
use about 36 hpf, and by about 60 hpf, it was open only at
Copyright © 1999 by Academic Press. All righthe junction with the iris. Kunz and Callaghan (1989) have
hown that cells remain proliferative alongside the embry-
nic fissure, and we have used that feature as a landmark
fter the fissure has fused. By 68 hpf the retina has matured
o the point that the fish can see (Easter and Nicola, 1996).
The structure of the embryonic retina is so different in
etail from the adult that a brief guide to the interpretation
f our sections is in order. We have found it most instruc-
ive to section sagittally, which is approximately parallel to
he plane of the pupil, and captures an entire eye in 6–9
ections. The lateral sections (Figs. 1A and 1B) were annular
n shape, with the lens in the central hole, and the plane of
ection parallel to the long axis of the neuroepithelial cells,
hich are perpendiular to the retinal surface. The interme-
iate sections (Figs. 1C and 1D) were also annular, and the
etina appeared thicker, because the plane of section was
blique to the neuroepithelial cells. The medial sections
Figs. 1E and 1F) lacked a central hole, as they passed
ntirely through the retina. The relation of the plane of
ection to the axes of the neuroepithelial cells depended on
he location in the medial section; at the center, the two
ere perpendicular and became gradually more oblique
oward the edge. Although we routinely examined both
yes, all the illustrations are arranged as if a right eye were
iewed laterally (dorsal is up, nasal is to the right, and the
mbryonic fissure occupies the 6 o’clock position).
Production of Neurons in the GCL
27 hpf injections/37 hpf sacrifice. The retinas had no
BrdU-negative nuclei. Individual BrdU-positive and
-negative nuclei were easily distinguished in the lens (com-
pare Figs 1A, 1B and 1C, 1D) and in the nose and the neural
tube (compare Figs. 1E and 1F), so the resolution is adequate
to detect unlabeled nuclei. These results allow three con-
clusions. First, the method of injection into the yolk sac
succeeded in making the BrdU available to the entire retina.
Second, the survival time of 10 h was long enough to label
all proliferative cells. Third, the 27 hpf retina contained no
postmitotic cells.
28 hpf injections/42 hpf sacrifice. These embryos all
had a small cluster of no more than 10 BrdU-negative cells
in the GCL of the ventronasal retina, adjacent to the
embryonic fissure (Figs. 2A and 2B). The cluster was a few
cell diameters wide, it was usually restricted to a single
intermediate section, and it often extended through only a
fraction of the section thickness. Occasionally the cluster
extended into a more medial section, with unlabeled cells
adjacent to the optic stalk. Thus the first postmitotic cells
appeared between 27 and 28 hpf. These cells were in the
same location as, and approximately as numerous as, the
first ganglion cells, identified at 32 hpf by their axons at the
optic chiasm (Burrill and Easter, 1995). The postmitotic
cells were also the first to label with the neuron-specific
zn12 antibody (Figs. 2C and 2D), which implies that the
first ganglion cells were among the pool of the first postmi-
totic cells. The first ganglion cell axons arrive at the chiasm
s of reproduction in any form reserved.
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313Retinal Neurogenesisat about 32 hpf (Burrill and Easter, 1995); therefore, the
delay between the end of S-phase and the beginning of
axonogenesis was less than 4 h.
The location and timing of the zn12 label warrant some
explanation. This antibody did not label the entire cell
body, but was restricted to the region adjacent to the inner
plexiform layer, at the junction between the cell body and
FIG. 1. At 27 hpf, all retinal cells were synthesizing DNA. 27 hpf
lateral, intermediate, and medial) described in the text. In this an
hat is, dorsal is up and nasal (anterior) is to the right. (A, C, E) All s
o show those nuclei synthesizing DNA between 27 and 41 hpf. In
FIG. 2. The first postmitotic retinal cells appeared at 28 hpf in ve
hpf sacrifice. All panels show the same (intermediate) section, stai
shows those (unlabeled) nuclei that had ceased DNA synthesis be
trigeminal ganglion. (D) A merger of A, B, and C to show that the ea
to the embryonic fissure. Abbreviations: as in Fig. 1, gc, ganglion c
ganglion; inl, inner nuclear layer; ipl, inner plexiform layer; of, oprdU, so they had ceased DNA synthesis prior to 27 hpf. No such cells
ens; no, nose. Calibration: 40 mm.
Copyright © 1999 by Academic Press. All righthe dendritic tree of most, and perhaps all, of the postmi-
otic cells. (The GCL generally includes both ganglion cells
nd amacrine cells, and both are labeled by the zn12
ntibody (see below), so the identity of a cell in the GCL is
mbiguous. For this reason we call them ‘‘cells in the GCL’’
ather than ‘‘ganglion cells.’’) The zn12 label extended
orsally in the inner plexiform layer, where it marked
tion of BrdU, 41 hpf sacrifice. Three sagittal sections at the levels
sequent figures, all eyes are shown as right eyes viewed laterally;
d with DAPI to show all nuclei; (B, D, F) all stained with anti-BrdU
the lens and the nose, some nuclei are labeled with DAPI but not
nasal retina, and included the first ganglion cells. 28 hpf BrdU, 42
s indicated. (A) DAPI staining shows all nuclei. (B) BrdU staining
28 hpf. (C) zn12 stain shows early neurons in the retina and the
anglion cells (zn12-positive) lie in the BrdU-negative cells adjacent
gcd, ganglion cell dendrites; gcl, ganglion cell layer; gV, trigeminal
bers. Calibration: 40 mm.injec
d sub
taine
bothntro
ned a
fore
rly gwere found in the retina. Abbreviations: ef, embryonic fissure; le,
s of reproduction in any form reserved.
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314 Hu and Easterdendrites of nearby cells in the GCL that had withdrawn
from the mitotic cycle later and begun to differentiate
during the 14 h between BrdU injection and sacrifice. As
will be shown below, the most dorsal extension of the zn12
label in Fig. 2 corresponds to the cohort of GCL cells that
were born around 30 hpf, which suggests that the onset of
zn12 labeling must have been delayed about 12 h (42–30
hpf) after the terminal birthdate. The zn12 label was de-
tected first on the dendrites and then at the junction of cell
body and dendrites. Later, zn12 also labeled axons, but it
never labeled cell bodies well (see Fig. 7).
The abrupt boundary between BrdU-negative cells and
their BrdU-positive neighbors (Figs. 2A and 2B) had inter-
esting implications for the schedule of terminal birthdays.
The inner plexiform layer vertically divided the BrdU-
negative cells in the GCL and the BrdU-positive cells in the
INL of the same column. The fact that the cells in the GCL
of the ventronasal column were exclusively BrdU-negative
indicates that no GCL cells were produced after 28 hpf.
FIG. 3. The patch of ganglion cells advanced around the embryon
sacrifice. A and B are the same section, stained as indicated. (C) D
ganglion cell layer, the two borders indicated by arrows. (D, E, and F
this same retina to show that the unlabeled cells extend into later
Abbreviations: as in Figs 1 and 2; nt, neural tube. Calibration: 40Thus, the entire cohort of cells destined for the GCL at 42
hpf was produced during the interval of 1 h, between 27 and
h
o
Copyright © 1999 by Academic Press. All right8 hpf. Furthermore, the absence of BrdU-negative cells
lsewhere in the column implies that the terminal birth-
ays between 27 and 28 hpf produced only GCL cells. The
rst postmitotic cells were therefore sharply restricted with
espect to location (ventronasal retina), time of origin (27-28
pf) and fate (GCL).
With respect to the two hypotheses offered above, the
patial and numerical congruence of the BrdU-negative
postmitotic) and zn12-positive (neural) cells strongly sup-
orts the first hypothesis (tightly linked birthdate and
ifferentiation) and is inconsistent with the second.
29–37 hpf injections/43–51 hpf sacrifice. These retinas
ontained progressively larger patches of BrdU-negative/
n12-positive cells, all restricted to the GCL. The ventro-
asal cluster enlarged in all directions away from the
mbryonic fissure, most noticeably along an arc that origi-
ated adjacent to the ventral edge of the embryonic fissure,
nd swept first dorsally and then temporally. Figure 3
hows the BrdU-negative area in an embryo injected at 31
sure in an arc, beginning in ventronasal retina. 31 hpf BrdU, 41 hpf
ence image of A and B, showing the arc of unlabeled cells in the
ilar difference images (DAPI and BrdU) from adjacent sections from
) and more medial (E, F) sections to form a disk of unlabeled cells.ic fis
iffer
) Simpf. The unlabeled cells in the difference image of Fig. 3C
ccupy a region whose shape resembles a partially open fan,
s of reproduction in any form reserved.
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315Retinal Neurogenesissubtending 210° about the center of the section. It is the
area that would be traced out by a clock hand, pivoting
about the center of the retina, that had swept counterclock-
wise from a starting point between 5 and 6 o’clock and
ended at 11 o’clock. Figure 4 shows an embryo injected at
37 hpf, and the arc had reached nearly 360° (in terms of the
clock face, the hand lay between 6 and 7 o’clock), and was
separated from the ventronasal patch by only a couple of
BrdU-positive cell diameters. Figure 5 summarizes all the
angular data and shows that the arc increased monotoni-
cally over 28–37 hpf, ultimately completing a circle. This
same fan-like pattern has been noted in GCL differentiation
as revealed by a variety of markers (Burrill and Easter, 1995;
FIG. 4. A circle of ganglion cells. 37 hpf BrdU, 51 hpf sacrifice. A a
circle of BrdU-negative cells with the ventronasal and ventrotemp
that mark the embryonic fissure. Abbreviations: as in Figs 1–3. Ca
FIG. 5. The growth of the patch of ganglion cells advanced
onotonically around an arc from ventronasal to ventrotemporal
etina. The vertical axis shows the value of the angle (U, measured
s in Fig. 3C, also see inset) of the arc of unlabeled cells. Each
iamond represents an individual retina; when data overlapped,d
o
quares and circles were used. The horizontal axis gives the age
hen BrdU was injected.
Copyright © 1999 by Academic Press. All rightaessing and Stuermer, 1995; Schmitt and Dowling, 1996),
uggesting that the withdrawal from the mitotic cycle and
he program of differentiation followed the same clock,
ith differentiation following the birthdate.
The patch of postmitotic cells also expanded peripherally.
ecall that at 28 hpf, the BrdU-negative cells were re-
tricted to one or two sections. Figure 3 shows that by 31
pf, the BrdU-negative cells were found in several. Figure
D shows the section immediately lateral to the one in Fig.
C, and reveals a small arc of BrdU-negative cells. Figures
E and 3F were from the two sections medial to the one in
ig. 3C, and both contain patches of BrdU-negative cells, in
n arc in the adjacent section (Fig. 3D) and in a solid disc
mbraced by the arc in the most medial section (Fig. 3F). In
ll sections, the BrdU-negative cells were restricted to the
CL.
Figure 6 gives a schematic view of the progress of with-
rawal from the mitotic cycle. The entire 51 hpf retina is
epresented here as a flattened disk, viewed from the lens
ith the open embryonic fissure at 6 o’clock. The outer-
ost ring is the margin of the 51 hpf retina, and the three
ested gray zones mark the unlabeled patches in the GCL at
he three ages (42, 45, and 51 hpf, injected with BrdU at 28,
1, and 37 hpf, respectively) that are illustrated in Figs. 2, 3,
nd 4. The BrdU-negative patch enlarged steadily from the
mall ventronasal region (black), to the larger area in
entronasal and dorsal retina (dark gray), to the disk that
ncluded much of the central retina at 51 hpf (light gray).
his final patch included several hundred ganglion cells, as
id the central patch that earlier papers have described
Jacobson, 1968; Hollyfield, 1972; Straznicky and Gaze,
971); we believe that the outer boundary of the light gray
rea defines the group of cells that are analogous to the
‘initial’’ central patch of postmitotic cells in the GCL
stained as indicated. (C) Difference image shows a nearly complete
edges separated by a thin row of proliferative (BrdU-positive) cells
tion: 40 mm.nd Bescribed by earlier authors. As we have shown, it arose
ver about 9 h (28–37 hpf) by the steady accretion of new
s of reproduction in any form reserved.
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316 Hu and Eastercells, along a front that enlarged both from the center to the
periphery and unfolded like a fan, around but not across the
embryonic fissure. We call this previously undescribed
pattern the ‘‘fan gradient.’’ Like the central-to-peripheral
gradient, it refers to growth in the tangential plane, but
with a different geometry.
The fact that both the postmitotic cells and the neurons
were recruited along the fan gradient satisfies the prediction
of the first hypothesis, that the onset of differentiation is
tightly linked to birthdate. The alternative, that the post-
mitotic cells appeared in much larger numbers and the first
neurons were selected from among this larger population,
has been rejected for the genesis of the GCL.
Production of Neurons in the INL
38 hpf injection/52 hpf sacrifice. This was the first age
at which BrdU-negative cells appeared outside the GCL.
The vast majority of cells in the INL were BrdU-positive,
but in the ventronasal quadrant a small cluster of BrdU-
negative cells was always seen (Fig. 7A). The outer plexi-
form layer was zn12-positive only in the region adjacent to
the BrdU-negative cells of the INL, indicating that some of
the BrdU-negative cells in the INL had differentiated into
neurons (bipolar or horizontal cells) with processes, ahead
of their lateral neighbors that withdrew from the mitotic
cycle later. We cannot estimate the delay between the end
FIG. 6. The enlargement of the patch of ganglion cells. An
interpretive drawing gives a schematic view of the retina, seen as a
flat disk with its outer boundary at the outermost contour. The
darkest patch shows the patch of BrdU-negative cells at 28 hpf (Fig.
2), which enlarged into the less dark patch by 31 hpf (Fig. 3), and
completed the circle/disk by 37 hpf (Fig. 4). Abbreviations: D,
dorsal, N, nasal; T, temporal; V, ventral.of S phase and the onset of differentiation in the INL cells
because we have no early marker of differentiated INL cells.
Copyright © 1999 by Academic Press. All rightThe location and the time of appearance of the postmi-
otic cells in the INL correlated interestingly with other
vents. The INL cluster was in the same location (immedi-
tely nasal to the embryonic fissure) and had about the
ame width as the earlier BrdU-negative cluster in the GCL
Fig. 2D). Therefore it was part of the same ventronasal
euroepithelial column that produced the first neurons in
he GCL. Recall that all the GCL cells were produced in a
urst between 27 and 28 hpf, 10 h earlier. Thereafter, the
ther cells in this column continued to incorporate BrdU,
ut none made terminal mitoses until 37–38 hpf. This
ulsatile program, a burst of neurogenesis producing GCL,
ollowed by a prolonged pause, followed in turn by a burst
roducing INL, suggests that the signal instructing the cells
o withdraw from the mitotic cycle must be sharply delim-
ted in both space—on the order of a cell diameter—and
ime—on the order of an hour or less.
43 hpf injection/57 hpf sacrifice. As Fig. 7B shows,
rdU-negative cells were found throughout the INL, but
ew and, in some cases, no BrdU-negative cells were seen in
he ONL (data not shown). There was only a very slight
endency for more BrdU-negative cells in the inner part of
he INL than in the outer part, so the inside to outside
evelopmental gradient was weak or absent within this
ayer. The fraction of BrdU-negative cells was higher on the
entronasal end of the circle than on the ventrotemporal
nd, evidence for a weak fan gradient in the development of
he INL, but the boundary between BrdU-positive and
rdU-negative cells was much less abrupt than was the case
n the development of the GCL (Figs 3, 4, and 5). The level
f zn12 labeling remained heavy in the inner plexiform
ayer (although in this particular section it was less pro-
ounced in the outer plexiform than in Fig. 7A).
With respect to evaluating the two hypotheses, the data
rom the INL were less useful than those from the GCL.
he appearance of zn12 staining in the outer plexiform
ayer of the precocious ventronasal column (Fig. 7A) sug-
ests that these early postmitotic cells differentiated in
dvance of their later neighbors, in support of the first
ypothesis. But elsewhere in the INL, outside the preco-
ious ventronasal column, a cell’s position along the vent-
onasal to ventrotemporal arc did not unambiguously cor-
elate with its birthdate. BrdU-negative cells were found far
rom the ventronasal retina, and were therefore older than
he BrdU-positive cells closer to it (Fig. 7B), so the inference
rom position to birthdate that was exploited in the GCL
ould not be used here.
Production of Neurons in the ONL
48 hpf injection/62 hpf sacrifice. This was the first age
at which all retinas contained BrdU-negative cells in the
ONL. As Fig. 7C illustrates, they appeared throughout the
ONL, but were most clearly clustered in ventronasal retina,
immediately nasal to the column of BrdU-positive cells that
marked the embryonic fissure. This cluster of postmitotic
ONL cells was therefore part of the same precocious vent-
s of reproduction in any form reserved.
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317Retinal Neurogenesisronasal column that had produced the first postmitotic cells
in the GCL (Fig. 2B) and the INL (Fig. 7A). The 10-h delay
(38–48 hpf) between the time of the first postmitotic cells
in the INL and ONL duplicates the delay between the times
of appearance of the first postmitotic cells in GCL and INL
noted above. Thus the postmitotic cells in one layer ap-
peared only after most of the cells in the adjacent layer on
the inner side have been produced–evidence for a strong
inside-to-outside gradient. Finally, the pulsatile program of
neurogenesis that was noted above continued into the
ONL: three bursts of neurogenesis, one for each nuclear
layer, and each separated from the next by a delay of 10 h.
The 48-hpf birthdate is consistent with previous reports
of cones’ birthdays (Larison and BreMiller, 1985; Nawrocki,
1985), and the focus in ventronasal retina is consistent with
the distribution of cone-opsin and rod-opsin expression
reported at 52 hpf (Raymond et al., 1995), so we assume that
the postmitotic cells are presumptive rods and cones. The
ones in ventronasal retina had begun to differentiate in
advance of the BrdU-negative cells elsewhere in the ONL,
as indicated by three features. First, the zn12 antibody
stained the outer limiting membrane only in association
with the postmitotic cells. (This ‘‘membrane’’ is actually
the plane of apical intercellular specializations (Raviola,
1994), including adherent junctions, which may explain the
staining, since the zn12 recognizes an epitope associated
with cell adhesion molecules.) Second, the pigmented epi-
thelium was slightly but consistently distanced from the
outer limiting membrane in this region (not evident at the
magnification used here), presumably as a result of the
outgrowth of the distal tips of these cells, the first stages of
formation of the photoreceptor inner segments. Third, the
staining in the outer plexiform layer was heavier here than
elsewhere, suggesting that the cone pedicles had begun to
mature.
The retina continued to mature in the other layers. The
number of BrdU-negative cells in the INL was greater than
before. The zn12 staining in the outer plexiform layer had
enlarged to include the complete circle, indicating that
differentiated neurons were found throughout the INL.
54 hpf injection/68 hpf sacrifice. Figure 7D shows that
nearly all the INL cells were BrdU-negative, with the
notable exception of some horizontal cells, (adjacent to the
outer plexiform layer with their nuclei oriented parallel to
the retinal surface). The number of BrdU-negative cells in
the ONL increased (compare Figs. 7C and 7D), and did so in
a spatially haphazard fashion, similar to the distribution of
cone-opsin and rod-opsin expression a few hours later
(Raymond et al., 1995). This disorder was quite different
from the sharply bounded front that was observed in the
GCL (Fig. 5), evidence that the fan gradient of terminal
birthdays was absent in the ONL.
SummaryThe formation of the central patch of postmitotic cells in
the GCL was initiated by a 1-h punctate burst of neurogen-
(
f
Copyright © 1999 by Academic Press. All rightsis, which continued along a front which traced out a
omplicated course, dominated by a fan gradient, over the
eriod 28–37 hpf. Only after the central patch was complete
38 hpf) did a second burst produce the first postmitotic
ells in the INL, initially in ventronasal retina and gradu-
lly expanding along a weak fan gradient to fill the central
etina. The first postmitotic cells appeared in the ONL after
nother 10-h delay (48 hpf), first in ventronasal retina and
apidly expanding with no sign of a fan gradient.
DISCUSSION
Cell Cycles and Birthdates
Our results exclude the hypothesis that the first ganglion
cells were selected from a much larger number of postmi-
totic cells because we have shown that the number of early
postmitotic cells (10 or less) approximates the number of
early ganglion cells (Burrill and Easter, 1995). In addition,
the short delay between the terminal birthday and the onset
of differentiation suggests that the production of postmi-
totic cells is the rate-limiting step in the conversion of
proliferative neuroepithelial cells into neurons. The short
delay was particularly evident for ganglion cells. In the
precocious ventronasal column, the onset of axonogenesis
(before 32 hpf, Burrill and Easter, 1995) followed within 4 h
the end of S-phase (between 27 and 28 hpf, this report). This
estimate of 4 h is surely too high because the terminal
irthday was later than the cessation of S-phase, and other
igns of differentiation must have preceded axonogenesis
e.g., Waid and McLoon, 1995). Outside of the precocious
entronasal column, the delay between ganglion cell birth
nd axonogenesis was apparently comparable to the delay
n the precocious column because the time needed to
omplete the circle of postmitotic cells (9 h, this report) was
he same as that needed to complete the circle of cells with
xons (Burrill and Easter, 1995). A comparably short delay
as observed in the photoreceptors of the precocious ven-
ronasal column, which ceased S-phase at 48 hpf (Larison
nd BreMiller, 1985; Nawrocki, 1985; this report) and began
o express their appropriate opsin by 50 and 52 hpf for rods
nd cones, respectively (Raymond et al., 1995). Note that
his is much shorter than the 4-day delay that Knight and
aymond (1990) have demonstrated in the adult retina of
nother teleost, the goldfish. This difference suggests that a
ell’s progress through the cell cycle into the differentiated
tate may slow down with age. Such a trend could account
or the delays of many days that Watanabe and Raff (1990)
oted in rat retinal rods, many of which are produced
ostnatally.
The short delay between the terminal birthday and the
nset of differentiation leads to the suggestion that a retinal
ell’s fate is influenced by its birthdate, which is a contro-
ersial idea (see Holt et al., 1988). The strongest argument
gainst this conclusion came from Harris and Hartenstein
1991), who blocked the normal schedule of mitosis in the
rog embryo hours before the first terminal mitoses would
s of reproduction in any form reserved.
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318 Hu and Easternormally have occurred in the retina. Morphogenesis pro-
ceeded with roughly the normal schedule, albeit with a
smaller population of larger cells, and produced a concave
retina with cells that expressed retina-specific antigens.
Although this remarkable result showed that aspects of
morphogenesis and differentiation were independent of
cellular proliferation, the retina was far from normal. Per-
turbations of the cell cycle have also been studied in the
development of the fly visual system; while they too
resulted in grossly normal structures, examinations at the
cellular level showed severe abnormalities (Baker and Ru-
bin, 1992; Thomas et al., 1994; Nakato et al., 1995; Penton
FIG. 7. The ventronasal retina was the most precocious region fo
All panels labeled with DAPI (blue), BrdU (red), and (except for D) z
cells appears in ventronasal retina with abundant zn12 labeling in th
differentiation. (B) 43 hpf BrdU, 57 hpf sacrifice. Most of the inner n
of BrdU-negative cells has now appeared in ventronasal retina adjac
evidence for precocious birthdates and differentiation. (D) 54 hpf Br
BrdU-negative cells everywhere, but small patches of BrdU-posi
summary drawing, such as the one in Fig. 6, cannot be made for
midbrain; pe, pigmented epithelium. Calibration: 40 mm.et al., 1997). Particular cells were missing, frequently those
that would have issued from a mitotic division that was
d
f
Copyright © 1999 by Academic Press. All rightrevented from occurring, evidence that the exact timing of
he terminal mitosis influenced cell specification. A similar
onclusion has been drawn from manipulations of the cell
ycle in limb development (Ohsugi et al., 1997). Our
bservations of the precocious ventronasal retina have
hown that all the postmitotic cells in a column were
roduced in three bursts of neurogenesis, each separated by
0 h from the next, and that all of the cells from each burst
egregated to the same nuclear layer. This pulsatile produc-
ion is particularly striking because cellular proliferation
as virtually absent during the 11 h preceding the first
urst (Li and Easter, 1997), so the onset of terminal birth-
h inner and outer nuclear layers as well as the ganglion cell layer.
(green). (A) 38 hpf BrdU, 52 hpf sacrifice. A patch of BrdU-negative
jacent outer plexiform layer, evidence for precocious birthdates and
ar layer is BrdU-negative. (C) 48 hpf BrdU, 62 hpf sacrifice. A patch
the most heavily zn12-positive patch of the outer plexiform layer,
8 hpf sacrifice. No zn12 staining. The outer nuclear layer contains
cells remain, disconnected with one another. For this reason, a
INL and ONL. Abbreviations: as in Figs. 1–6, hb, hindbrain; mb,r bot
n12
e ad
ucle
ent to
dU, 6
tiveays and differentiation was a part of a more general shift
rom stasis to proliferation. During the period when the
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d
c
G
a
b
1
w
319Retinal Neurogenesiscircle of GCL cells was produced (28–38 hpf), the cell cycle
was approximately 5 h (Z. Li, M. Hu, and S. S. Easter, Jr.,
unpublished), so the 10-h interval allowed for two cycles of
division within the precocious column between bursts of
neurogenesis. These observations suggest a finely tuned
program: bursts of terminal mitoses separated by periods of
proliferation during which the number of cells increases (cf.
Takahashi et al., 1994). Although our observations have
been restricted to the ventronasal column (because it is so
readily identified in embryos of all ages), we suggest that
similar programs of proliferation probably occur at different
phases in other columns of the retina, and probably in
columns elsewhere in the central nervous system.
While on the subject of the cell cycle, we note that Bryant
et al. (1993) have proposed that positional information
could be generated by dilution associated with cellular
proliferation. They postulate that positional value of a cell
depends on the amount of some cytoplasmic factor; if all
cells in a field begin with the same amount of that factor
(the production of which has ceased), then the cells that
divide the most will produce progeny with the lowest titer.
During the time (28–38 hpf) when the central patch of
ganglion cells is produced, the neuroepithelial cells in
ventrotemporal retina will have divided twice since the
birth of the ventronasal ganglion cells, and would therefore
have only one-fourth the amount of this hypothetical factor
as the ventronasal ganglion cells. The prolonged production
of the central patch of ganglion cells would, according to
this model, be interpreted as a strategy for producing
positional information: the nasotemporal value.
The First Phase of Retinal Development
As we outlined in the Introduction, early retinal neuro-
genesis is generally considered to have two phases: the first
is the production of a few hundred ganglion cells of central
retina, and the second is the enlargement in both the radial
and tangential directions of this initial population of neu-
rons. We have shown that the first phase is more compli-
cated and prolonged than previous birthdating studies had
revealed. The central patch did not occur abruptly, but over
about 9 h, and along a stereotyped front that suggested
recruitment of new postmitotic cells by their neighbors.
Moreover, terminal mitoses in the INL were delayed until
the completion of the central postmitotic patch in the GCL,
and terminal mitoses in the ONL awaited completion of the
INL, at least in the precocious ventronasal column. We
suggest that the ‘‘initial central patches’’ in retinas of other
vertebrates also appear gradually, growing from a much
smaller origin. This suggestion has two bases: evidence
from the earlier studies of retinal development and a
comparison with initial neurogenesis elsewhere in the
central nervous system.
A close reading of some of the studies of Xenopus
evelopment supports the idea that the first few ganglion
ells appeared much earlier than is conventionally believed.
rant and Rubin (1980) described retinal axons in Xenopus
Copyright © 1999 by Academic Press. All rightt Stage 28, several hours before the first birthdays reported
y others (Stage 29: Jacobson, 1968; Straznicky and Gaze,
971), implying that a small number of postmitotic cells
ere missed in those birthdating studies. Holt et al. (1988)
confirmed this suspicion, as they noted a few postmitotic
cells even earlier, but emphasized the more numerous later
ones. We predict that more closely spaced injections at
comparably early stages in other species and shorter sur-
vival times will also reveal a gradual buildup of postmitotic
cells, and that it will begin near the junction of the retina
and the optic stalk.
The pattern of ganglion cell genesis that we have de-
scribed in the retina is consistent with previous descrip-
tions of neurogenesis elsewhere in the vertebrate central
nervous system (Metcalfe et al., 1990; Ross, et al., 1992;
Easter et al., 1993; Taylor, 1991). In the neural tube of
zebrafish, the first neurons appear in widely separated
clusters, their numbers are similar to those in the retina
(less than 10), the neuronal somata are superficially posi-
tioned adjacent to the pial surface (homologous to the
retinal inner limiting membrane), and the first neurons
produced are the ‘‘projection neurons,’’ the ones with axons
that leave the immediate vicinity (Jacobson, 1991). More-
over, the enlargement of the initial clusters, by the accre-
tion of new neurons contiguous with the preexisting ones,
is the same in both retina and neural tube, and the topology
of this growth is also the same. In the tube, new neurons are
added preferentially along the rostrocaudal axis (Wilson et
al., 1990), but the hemispheric retina is not usually thought
of in terms of the axes of the neural tube, rostrocaudal and
dorsoventral (Puelles et al., 1987; Ross et al., 1992). In the
retina, postmitotic cells were added to the GCL along a
circle which seems unrelated to the linear axes of the neural
tube. But our fate map of the ‘‘optic wing’’ (the teleostean
optic vesicle: Schmitt and Dowling, 1994) shows that the
cells along the retinal circle (the fan gradient) originally lay
along the lateral edge of the optic wing, parallel to the
rostrocaudal axis of the neural tube (Z. Li and S. S. Easter,
Jr., unpublished), so the ‘‘fan’’ is just a distorted rostrocau-
dal axis of the original neural tube. Thus, the first stage of
retinal development, the creation of a central circular patch
of ganglion cells, is topologically equivalent to the rostro-
caudal elongation of an initial patch of neurons in the
neural tube. The subsequent tangential accretion from
center to periphery is topologically equivalent to the ven-
trodorsal enlargement of the patch in the neural tube.
Local Signaling and a Model of Retinogenesis
Retinogenesis has been interpreted in terms of instruc-
tive signals that lead neuroepithelial cells to withdraw from
the mitotic cycle and differentiate (Cepko et al., 1996;
Dorsky et al., 1997), and our results indicate that the signals
must be quite localized in both space and time. The spatial
boundary between postmitotic cells of the ventronasal
column and their proliferative neighbors on both temporal
and nasal sides is very sharp, suggesting that the signal to
s of reproduction in any form reserved.
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320 Hu and Easterquit the cell cycle must extend no further than a cell
diameter or two. Within the ventronasal column, a vertical
boundary separates the inner postmitotic cells and the
outer proliferative cells, and the separation seems absolute
because the birthdays of the separate layers were 10 h apart.
This emphasis on correlated birthdate and cell fate is
different from the slant offered by Holt et al. (1988), who
emphasized that all cell types are born simultaneously.
They considered a large retinal area that comprised many
columns, and the phase of development of each column was
probably different, depending on position. We have been
able to examine the same precocious ventronasal column at
a variety of ages, and we find that within that column,
different cell types are produced at different times, accord-
ing to a strict inside-to-outside gradient. We offer a model
below that incorporates much of this column-specific order.
Very local cell-to-cell signaling within and between col-
umns of neuroepithelial cells controls the first decision (to
withdraw from the mitotic cycle) and phase-specific intrin-
sic programs dictate the second (to differentiate into a
particular cell type).
Around 28 hpf the cell cycle shortens to about 5 h,
resulting in mitoses everywhere in the retina, but only a
few contiguous cells in ventronasal retina withdraw from
the mitotic cycle. Within the same column, proliferation
continues, but the next few cells that complete mitosis are
prevented from withdrawing from the cycle, probably by
signals from the newly postmitotic cells. In adjacent col-
umns, those cells that complete a mitosis soon after their
precocious neighbors have done so are signaled by those
neighbors to withdraw from the mitotic cycle, which they
do, and they influence their lateral neighbors in the same
way that the precocious ventronasal cells had influenced
them, and so forth through many steps. In this way the
initial patch of a few postmitotic cells is augmented to
produce the central patch of hundreds by about 38 hpf. The
presence of the first postmitotic cells in a column sets the
phase of development of that column; development can be
considered as a metachronal two-dimensional wave (the
fronts of which are shown at three times in Fig. 6) in which
all neuroepithelial columns experience a common differen-
tiative program whose phase varies according to when it
acquired its first postmitotic cells. We suggest that the
decision to withdraw from the mitotic cycle is a result of
reduced Notch signaling, caused perhaps by a reduction of
elta expression in the postmitotic (presumptive ganglion)
ells (Dorsky et al., 1997; Henrique et al., 1997). Thus, the
evelopment of the central patch of postmitotic cells is the
utcome of 10 h of laterally directed reiterated Notch
ignaling that began in the precocious ventronasal retina.
oncurrently, the majority of the cells in all columns are
aintained proliferative; that is, they are prevented from
ithdrawing from the mitotic cycle, as a result of vertical
ignaling by these same postmitotic cells.
The second decision, to become a ganglion cell, is deter-
ined by factors intrinsic to the cell, probably the presence
f particular transcription factors that were accumulated
Copyright © 1999 by Academic Press. All righturing the prolonged cell cycles between 16 and 28 hpf.
hese transcription factors direct differentiation into a
anglion cell (the ‘‘default path’’) and are allowed to func-
ion only in the G1 or G0 phases of the cell cycle. Thus,
ells that have recently completed mitosis and have been
nstructed not to continue in the cell cycle begin to differ-
ntiate according to the ganglion cell program. Within a
olumn that already has its ganglion cells, proliferation
ontinues through two more cycles, during which the set of
ranscription factors changes, and when the second mitosis
s completed some of these cells withdraw from the mitotic
ycle and differentiate according to their intrinsic programs
Cepko et al., 1996). The remaining proliferative cells
ontinue in the cell cycle and withdraw after another 10 h
o differentiate along a different path. Thus the proliferative
nd differentiative programs within each column are quite
rderly and stereotyped, but the lateral spread across neu-
oepithelial columns imposes different phases on each,
hich masks the underlying order; the viewer is prevented
y the forest from seeing the trees.
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